HeLa metaphase chromosome spreads were hybridized with centromeric biotinylated DNA probes and detected with gold-conjugated anti-biotin antibodies. Chromosomes were observed by an in-lens field emission scanning electron microscope (FEISEM), which permi@ detection of biological samples without any coating. DNA probes were well localized in the centromeric region of chromosomes and there was clear discrimination between 10 nm fibers that hybridized to DNA probes and t h s e that did nor hybridize. This approach shows that in situ hybridization can be directly visualized at the FEISEM level by evaluating only secondary ~ ' electron emission, which allows physical localization of the hybridized probe with high resolution so that backscatter detection represents only a control. Because chromosomes maintain the 10-nm fiber organization after in situ hybridization procedures, our data suggest that this fiber represents the lowest order of chromatin arrangement that permits transitory DNA denaturation. (J Hisrochem Cytochem 43:  413-419, 1995) 
Introduction
In situ hybridization represents a classical method to map DNA sequences in chromosome preparations under light microscopy (1, 2) . A number of studies have been performed in recent years with the aim of increasing the resolution power of this technique by means of transmission electron microscopy ("EM) (3-9). For example, Manuelidis et al. (10) localized specific DNA sequences iacentromeric regions with peroxidase-labeled antibodies, Hutchinson et al. (11) obtained hybridization of both DNA and RNA probes to centromeric satellite DNA by autoradiographic and immnnogold detection, and Narayanswami and Hamkalo (12) developed a method that permits simultaneous detection of two sequences by using different-sized colloidal gold particles. Finally, Fetni et al. (13) coupled DNA probe localization to immunochemical chromosome banding. All these approaches permit specific bcalization of the utilized probes in well-defined chromosome regions, but only poor information can be obtained about fibers that hybridize to the probes in these regions.
The scanning electron microscopy (SFM) approach did not yield h e r results, because . % M~g a r i o r r nom& requitss araumber. of treatment such as metal coating and conductive procedures (14, 15) , which may mask fiber arrangement. In this study we detected in situ hybridization of chromosome sequences by use of a field emission scanning electron microscope (FEISEM) that operates even at low voltages (3-5 kV), drastically limiting electron charging effects and thus permitting direct observatim of samples without any coating. In this way, by using centromenic probes as a model system, we were able to localize DNA sequences in the secondary electron imaging (SEI) mode, which also pravides structural information.
Materials and Methods
HeLa TK cells were maintained in culture at 37°C with DMEM (Gibco BRL, Paisley, UK) supplemented with 10% fetal calf serum (Sigma; St Louis, MO) and 100 U/ml penicillin and streptomycin (Sigma). The cells were arrested in metaphase after addition of 0.01 pg/ml Colcemid (Sigma) for 3 hr, harvested, and then incuhated in.75 mM KCllfor &minxat 37'E. After three washes in 3:l cold methanokacetic acid, chromosome spreads were made by dropping the suspension onto silicon supports (16, 17) and then air-drying. Chromosome spreads were incubated in 100 &ml RNAse (Sigma) in 2 x SSC for 1 hr at 37'C in a water bath. After rinsing in 2 x 414 RIZZI, FALCONI, RIZZOLI, BARATTA, MANZOLI. GALANZI, LATTANZI, MAZZOTn SSC, they were dehydrated in a series of cold ethanol washes (70, 80, and 95%) for 2 min each.
Denaturation was performed by immersing the silicon supports in 70% formamide (Oncor; Gaithersburg, MD). 2 x SSC, pH 7, at 70'C for 2 min. Samples were dehydrated again in increasing concentration of cold ethanol (70-100%) and air-dried.
DNA probes (a-satellite biotinylated centromeric probe cocktail P5095-B.5: Oncor) were denatured at 70°C for 5 min and quickly cooled on ice. Each silicon support received 15 ng of the biotinylared probe in 20 PI of hybridization mixture ( 5 0 % formamide. 2 x SSC. 10% dextran sulfate). The silicon supports were covered with a plastic film and placed overnight in a humidified box at 37°C.
Post-hybridization washes were done in 50% formamide, 2 x SSC at 37°C (three times for 3 min each) and then samples were rinsed twice in 2 x SSC for 5 min each.
Silicon supports were rinsed in TBS buffer (0.02 M Tris-HCI, 0.7 M NaCl containing 0.1% BSA, pH 8.2) and incubated for 30 min at 37°C with 5 % normal goat serum (NGS) in TBS. This step was followed by another 90min incubation at room temperature (RT) with mouse anti-biotin antibody conjugated with 15-nm gold particles (BioCell) diluted 1:lO in TBS (18.19) . Nonspecifically bound particles were removed by four rinses in TBS at RT. Finally, the spreads were fixed for 30 min in 2 . 5 % glutaraldehyde (Fluka; Buchs, Switzerland) in 0.1 M phosphate buffer, post-fixed for 30 min in 1% Os04 (Fluka) in 0.1 M phosphate buffer, dehydrated in a series of ethanol, and critical point-dried. Observation was performed by an inlens field emission scanning electron microscope Ueol JSM 890) operating at 3-5 kV.
Bv light microscopy, after in situ hybridization the signal was detected with fluorescein-labeled avidin and amplified with anti-avidin antibodies according to the Oncor manual and by using reagents from the Oncor kit (cat. no. S 1370 CF). Briefly. fluorescein-labeled avidin was applied to each slide and the reaction was stopped after 20-min incubation at 37'C. Amplification of the signal was obtained by a 20-min incubation with antiavidin antibody at 37°C. followed by further reaction with fluorescein-labeled avidin. Chromosomes were counterstained with propodium iodidelantifade.
Controls consisted of spreads denatured and incubated with hybridiza-tion buffer, without probe. under identical conditions. Another control was performed with chromosomes hybridized with a biotinylared DNA probe made from the Xbal E region of the human cytomegalovirus genome (20).
Results
At the FEISEM level, metaphase chromosomes isolated by standard cytogenetic methods consisted of a low-relief network of IO-nm fibers among which a thicker structure of about 30-40-nm diameter could be detected. These structures were observed in each chromosome region and conceivably correspond to nodal points in which t h e 10-nm fibers cross and overlap each other. In some cases, centromeric regions showed a certain parallelism in fiber disposition, which gives them a looser appearance (Figure 1 ). This organization was not modified by t h e procedure utilized for in situ hybridization, since chromosomes maintained the same arrangement in a network of IO-nm fibers.
After in situ hybridization, gold particles that identified D N A probes were well-localized in the centromeric region of each chromosome at both the light and the electron microscopic level. Light microscopic detection (Figure 2 ) showed only a diffuse fluorescence over all this region, whereas FEISEM detection permitted precise discrimination among single gold particles that were scattered or clustered in a number of centromeric domains (Figures 3a. 4a . and 5a). In both cases, nonspecific binding of D N A probes to other chromosome regions or to t h e supports was negligible.
FEISEM detection demonstrated a tight correspondence in colloidal gold particle distribution at both secondary and backscatter electron imaging. This was so precise that in most cases the images obtained by t h e two detection modes could be almost exactly superimposed (Figures 3a, 3b . 4a. and 4b).
Our results show that the SEI approach allows not only detection of chromatin fiber organization b u t also precise localization of colloidal gold particles over each chromatin fiber (Figure 5a ). In this way, we were able to demonstrate a cluster distribution of gold particles on the nodal points in which fibers overlap each other and a scattered distribution on the single 10-nm fibers (Figure 6a ). In some cases, particles appeared to be regularly distributed along the fiber length and followed the fiber arrangement by assuming a "beads on a string"-like. appearance (Figure 7a) .
The backscattered electron imaging (BEI) mode was unable to give us structural information but did make it possible to exclude the likelihood that colloidal gold particles observed by secondary electron emission represented "edge" effect-dependent artifacts (Figures 5b. 6b. and 7b) . The control samples did not show a significant number of gold particles.
Discussion
Many authors have described procedures to extend in situ hybridization at the T E M level by using different detection systems such as peroxidase-labeled antibodies (10,21). Some authors show a specific localization of centromeric DNA sequences in mammalian chromosomes (10) . but this reaction obscures surface details of the centromeric region. The gold-labeling method allows precise lo- 
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RIZZI, EALCONI, RIZZOLI, BARATlX, MANZOLI, GALANZI, LAT"ZI, MAZZOTTI calization of DNA sequences (8) . Simultaneous detection of two sequences (12) or of both chromosome bands and DNA probe (13) by using different-sized colloidal gold particles shows unambiguous localization of the DNA probe, but chromosome organization is not evident.
All these approaches permit specific localization of the probe utilized in well-defined chromosome regions, but only poor information can be obtained about fibers that hybridize to the probe in these regions.
Fine localization of specific DNA sequences has also been attempted at the SEM level, but this approach does not yield better results than ' E M because SEM chromosome detection requires a number of treatments that may mask chromosome fiber arrangement (14,15,22 ). Under these experimental conditions, Ferguson et al. (23) were able to obtain specific probe localization on chromosomes, which showed a well-defined structure, but single chromatin fibers were not detectable. Moreover, previous efforts to localize gold particles in the SEI mode, i.e., the FEISEM detection system (24, 25) , in all cases required backscatter detection of the same sample to recognize gold particles among structures that exhibited similar features. For example, Tanaka et al. (26) were able to obtain fine localization of the Mac-1 receptor by an immunogold approach, but only backscatter imaging could confirm that the particles on the cell surface really represented gold labeling. In our study, colloidal gold particles are well recognizable among other chromosome structures as round, bright particles in the SEI mode, and this is further confirmed by the tight correspondence between the SEI and BE1 modes.
The steps in our protocol are analogous to those employed for fluorescence detection (1). Nevertheless, the high resolution offered by the instrument employed, which can operate at very low voltages and does not require metal coating of samples, allows the localization of a DNA sequence on well-preserved chromatin fibers that are clearly distinguishable from each other. Our study confirms that standard cytogenetic procedures give rise to a simplified chromosome structure in which the absence of higher-order chromatin organization is evident. A protein release and a histone H1 displacement (27), which probably take place during the isolation procedures, may permit good accessibility of gene sequences to DNA probe during in situ hybridization. On the other hand, since chromosomes maintain the 10-nm fiber organization after in situ hybridization procedures, our data suggest that this fiber represents the lowest order of chromatin arrangement that permits transitory DNA denaturation. Moreover, given the possibility of using antibiotin antibodies directly linked to gold particles (i.e., no secondary antibody is employed), probe position can be precisely detected over each DNA fiber.
At FEISEM observation, different labeling patterns have been detected over the centromeric region of each chromosome. These patterns are represented by different amounts of gold particles. By assuming that at optimal probe concentration the size of the signal, which consists of an accumulation of gold particles, could be proportional to the size of the hybridized sequences (28), our approach should be useful in further development of better quantification between the size of the signal and the size of the probe or for detection of repeating sequences. Because DNA probes can be labeled with different molecules, such as biotin and digoxigenin, and detected by specific antibodies conjugated with different-sized gold particles, we are attempting discrimination between neighboring genes at a high-resolution level. Moreover, a multiple labeling system can be employed to localize DNA sequences on chromatin fibers in bromodeoxyuridine (BrdU)-banded chromosomes (28).
The use of this high-resolution approach for in situ hybridization is likely to be of importance not only to localize genes but also to obtain three-dimensional information about the fine arrangement of specific chromosome sequences.
